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two-thirds of the world production and 
consumes only one-third or less. Accord
ingly, in Japan much attention is focused on 
the progress and development (Ref 4,5) as 
well as the production of carbon fibers. The 
fabrication technology for PAN fiber was 
originally developed in Japan in 1958 
(Ref 6) and has been improving steadily 
since then. Several large Japanese manu
facturing corporations, such as Toray, 
Toho, Mitsubishi Rayon, and Kureha, are 
actively searching for alternative process 
improvements for higher strength fibers as 
well as expansion of material applications. 
The manufacturing process and technology 
of medium-grade PAN fibers are well estab
lished at this time as are production 
methods. The GP pitch-based fibers, which 
were first produced from isotropic pitches 
in 1970 (Ref 7,8), are commercially avail
able for low-cost reinforcement of building 
materials. However, the HPCF pitch
based fibers produced from anisotropic or 
mesophase pitches are still in the develop
mental stage, although a few of the products 
are currently on the market. 

Pitch-based carbon fiber is 
emerging as a material competitive with the 
PAN-based fiber in both performance and 
cost. The possibility of encroachment of the 
existing PAN fibers market by the new 
pitch-based fiber is the subject of many 
arguments and discussions (Ref 1 ). Regard
less of the uncertainties in the future eco
nomic outlook, pitch-based fibers have 
several advantages that should not be 
ignored: 

( 1) The fiber is a higher added value prod
uct made from the readily available low 
cost materials, petroleum pitch and 
coal tar. 
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(2) It has excellent physical properties 
comparable to the PAN fibers. 

(3) The manufacturing processes _are 
reported to be simpler than the pro
cesses for PAN fibers. 

(4) The future economic outlook is very 
optimistic based on market projec
tions. 

The two largest producers of PAN 
fibers, Toray and Toho Rayon, are located 
in Japan. The combined production capac
ity of both companies exceeds 3,000 tons per 

· year, which is about 40 percent of the world
wide production (Ref 2). The total produc
tionofP AN fibers around the world is about 
85 percent, and the remaining 15 percent or 
less is mostly general-purpose pitch-based 
fibers produced by Kureha Co., Mitsubishi 
Chemical Co., and Osaka Gas Co. Some 
high-grade pitch-based fibers are available 
from Mitsubishi Chemical, Kashima Oil, 
and Osaka Gas. In Japan there are over 25 
companies actively engaged in the develop
ment of pitch-based carbon fibers, and their 
activities and progress have shown varying 
degrees of success. Although most of the 
companies are not yet in the production 
stage, their research efforts are expected to 
produce a breakthrough in the low-cost 
processing technology for high
performance fibers. 

OVERVIEW OF MANUFACIURING 
PROCESSES 

The basic process for manufacturing 
CF (Ref 9-11) consists of a series of steps 
involving: (1) precursor preparation, 



CURRENTSTATUSOFTHECARBON 
FIBER INDUSTRY IN JAPAN 

Sin-Shong lin 

T he infonnation contained in thir report 
was gathered during a 7-week trip to the 

Far East as part of the expanded mission of 
the Anny Material Technology Laboratory 
(MTL) to swvey recent developments and 
advances in carbon fibers. Carbon fibers 
are known to play a significant role in fiber
reinforced materials for lightweight struc
tures and other high-perfonnance applica
tions. Increasing applications are expected 
in many types of aerospace and commercial 
components in the near future. In this 
article, a brief description of the carbon fiber 
manufacturing process is given, followed by 
recent efforts of the Japanese carbon fiber 
industries, such as cWTent status, progress, 
research highlights, and process develop
ment. Some relevant technical problems 
and possible improvements of the fiber 
process are discussed. 

INTRODUCTION 

There is a wide variety of available 
carbon fibers. Generally, commercially 
available carbon fibers ( CF) inJ a pan can be 
grouped into polyacrylonitrile (PAN) and 
pitch-based fibers based on the precursor 
materials, either polyacrylonitrile or petro
leum pitch/ coal tar. The commercial PAN
based fibers usually have medium to high 
tensile strengths, while the pitch-based 
fibers tend to have high tensile modulus. 
This distinction is becoming less valid due to 
the availability of the medium-high modu
lus grade PAN fibers. The pitch-based CF 
currently available are further divided into 
general-purpose (GP) grade, usually short 

ONRFE SCI INFO BUL 14 (2) 89 

•• 

fibers of lower mechanical strength, and 
high-performance (HPCF) grade, fibers 
with excellent mechanical properties com
parable to the high-quality PAN fibers. 
Furthermore, according to the mechanical 
strength, the fibers are grouped into high 
tensile strength (HT), high modulus (HM), 
ultra high modulus (UHM), and high elon
gation. The commercial applications of 
these fire.rs are quite different based on 
their physical and mechanical properties. 
The PAN-based fibers are used mainly in 
lightweight structural components such as 
aircraft secondary frames and leisure prod
ucts. The GP fibers are used widely in high
temperature insulating materials, rein
forcements for engineering plastics, carbon 
materials and concrete, and as an alterna
tive to asbestos. But for HPCF, the major 
applications are in the fabrication of 
advanced composite materials for aero
space equipment based on the material 
strength, rigidity, electric, and other proper
ties. Also some applications are in the 
carbon/carbon (C/C) composite materials 
for rocket components based on unique 
high-temperature properties. 

The worldwide consumption (Ref 1-
3) of all carbon fibers, including high
performance and general-purpose PAN
and pitch-based fibers, exceeded 7,500 tons 
in 1987 (Ref 2), of which more than 
85 percent are PAN-based fibers. The 
demand is expected to increase due to the 
development of many new applications, 
especially in the field of fiber-reinforced 
concretes, fiber·reinforced plastics, and 
other structural reinforcement utilizations. 
Of worldwide demand, Japan produces 



gradual stage or in multiple stages is a 
necessary production procedure. Copoly
merization with vinyl chloride or with other 
polymers to promote complete carboniza
tion and preferred orientation is the subject 
of ongoing research efforts. The average 
molecular weight as well as the molecular 
weight distribution are also considered in 
the final formation of the PAN polymer 
filaments. The control of variation in the 
average molecular weight of copolymers 
can improve the mechanical strength or the 
physical characteristics of the resulting CF. 
Since modification of the precursor poly
mer chemistry greatly affects the processing 
parameters, research is focused on the 
modifications within the limit of the current 
production technology. 

Pitch-Based Carbon Fibers 

Pitch is a mixture of condensed 
aromatic hydrocarbon with or without alkyl 
branches, and conventional pitches show no 
optical anisotropy. The molecular weight of 
an individual pitch unit varies widely and 
may be in the range of 300 to 4,000. Thus 
pitch usually has a molecular weight distri
bution depending on the source and the 
processing condition. Accordingly, the 
pitch constituents can be grouped into 
benzene, quinoline, and pyridine soluble/ 
insoluble components (Ref 13). 

For the production of GPCF the 
precursor is isotropic pitch, which contains 
a wide variety and range of molecular struc
tures and is usually less pure. However, the 
HPCFprecursor is anisotropic pitch so that 
fibers with highly oriented crystallites can 
be obtained during the spinning process. 
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When feed pitch is heated to remove 
low molecular weight volatile components, 
larger polynuclear aromatic compounds 
are formed. Around 400 ac, the melt starts 
to separate into two phases. One phase 
appears as spherule and grows larger with 
increasing temperature. This phase is opti
cally anisotropic and is the so-called meso
phase. The second phase is the remaining 
isotropic melt. This anisotropic mesophase 
consists of ·large planar polynuclear aro
matic molecules aligned together by weak 
Vander Waals forces, and it has a higher 
density than the surrounding isotropic 
phase. Gradually the anisotropic phase will 
aggregate by gravity sedimentation. If these 
two phases are separated, the anisotropic 
mesophase can be used as a starting raw 
material for HPCF. 

After de-ashing, if necessary, the 
isotropic phase can be spun into filaments 
(GPCF) of low tensile strength and modu
lus. A slightly higher mechanical strength of 
the fiber can be obtained if a better isotropic 
pitch, either of a larger average molecular 
weight or a high purity precursor, is used. 

The pitch obtained after direct heat
ing is bard to process into fiber because: 
(1) the viscosity is too high at the softening 
temperature for easy spinning; (2) the con
densation to larger molecules (infusible 
matter) and gas evolution continue at this 
temperature; and (3) two phases, aniso
tropicmesophase and isotropic matrix, exist 
together, making it difficult to process into 
fibers. The process used by Union Carbide 
Co. (AMOCO Co. now) is a modified 
method of direct heating. An additional 
agitation mechanism is incorporated into 
the spinning process to homogenize the 
two-phase pitch (Ref 13). 



(2) spinning, (3) thermosetting, ( 4) carbon
ization, (5) graphitization, and two 
additional processes of (6) surface 
treatment and (7) epoxy sizing (Ref 12). 
However, the procedures involved in the 
processing are proprietary and are not 
released b,y the manufacturers. 

In the PAN CF process, a special 
polyacrylonitrile copolymer fiber is 
stretched to align the polymer chains 
parallel to the fiber axis, and these linear 
·backbones are converted into ribbons of 
continuous hexagonal carbon rings by oxi
dation (stabilization). This type of fiber has 
a sufficiently high glass transition tempera
ture so that part of the orientation is 
retained after a carbonization cycle to 
1,000 °C. Most elements other than carbon 
are removed during the combustion. The 
evolution of gases such as CH., C0

2
, H

2
0, 

NO, and a trace of HCN is observed. The 
orientation of the ribbons is further 
improved by heating to higher tempera
tures (carbonization or graphitization tem
peratures), which increase the modulus of 
the fiber. The conversion yield is less than 
50 percent. 

For the pitch-based CF, the precur
sor is a purified fraction of coal tar or 
petroleum pitch containing a large amount 
of liquid crystals or mesophases. In the 
process of melt spinning, the sheet-like 
aromatic hydrocarbons are easily oriented 
parallel to the fiber direction. The fibers are 
made infusible by oxidation (stabilization) 
and then carbonized, followed by graph
itization. The crystallites in the pitch fiber 
are usual1y larger and better aligned than 
those in the PAN fiber and are oriented like 
strips of ribbon running along the fiber 
length. Consequently, the mesophase pitch 
fiber yields a high modulus. The conversion 
yield of pitch fiber is more than 90 percent. 
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PRECURSOR MATERIAlS 

PAN-Based Carbon Fibers 

Specially processed polymer fiber is 
currently used for industrial production. 
The constituents of the fiber are somewhat 
different from the fibers used in textile 
fabrics in that the coloring, sizing, lustering, 
antistatic, and brightening compounds are 
absent. Additional chemicals are added to 
the polymer fiber to facilitate the stabiliza
tion and carbonization processes at the 
later stages. The starting PAN precursor 
contains at least 90 percent acrylonitrile 
units copolymerized with chemicals such as 
methyJacrylate, methylmethacrylate, vinyl 
chloride, or vinyl acetate to achieve differ
ent molecular configurations. The addi
tivescan be divided into categories based on 
the objectives. Organic or inorganic phos
phorous or halogen containing compounds 
are coated mainly to prevent excessive oxi
dation during the stabilization process. 
Aromatic compounds to aid fiber crystal
linity and preferred orientation during the 
manufacturing process are also used. Pre
cursor fibers without excessive macrovoids 
and with minimum rnicropores are highly 
preferable. Since the precursor composi
tion is a prime factor in the final mechanical 
strength of the synthesized CF, manufac
turers tend to follow their own proprietary 
formulations. 

The preferred alignment and orien
tation of the polymer molecules along the 
fiber direction are a prime concern in the 
production of the precursor fiber. To 
improve the alignment in the polymer struc
ture, the as-spun PAN fibers are frequently 
stretched by 100 to 500 percent at about 
100 °C. Also during the carbonization pro
cess, the tensile stretching in either a single, 



The current trend of the investiga
tions is to find the best pitch composition 
that will provide easy spinnability and incor
porate high mechanical strength into the 
resulting spun fibers. Thus, control of the 
spinning temperature and the precursor 
composition become very critical. From 
research efforts to improve. the feed pitch 
composition, the present methods of 
attempting to narrow down the molecular 
weight distribution width of precursor pitch 
alone are not sufficient to obtain the opti
mum mechanical strength ofCF. In order to 
manipulate fiber microstructure and to 
promote crystallite orientations, it seems 
necessary to create an entirely different 
composition of the feed pitch, such as two
pitch components (either anisotropic or 
isotropic) with varying softening points and 
molecular weight distributions. Perhaps an 
admixture of a second organic compound to 
promote perfect crystallization and pre
ferred orientation for co-carbonization 
might improve the characteristics· of the 
resulting spun fibers. Blendings of anthra
cene para-xylene-glycol (PXG), polyvinyl 
chloride (PVC) .pitch, condensed poly
nuclear aromatic compounds (COPNA), 
AIO, catalyst, and two-phase pitch have 
been experimentally tested (Ref 18-21). 
The roles of the additives are to: (1) act as 
a solvent to decrease the pitch viscosity, 
(2) react with feed pitch to modify conden
sation and aggregation processes by new 
reaction intermediates, and (3) promote sol 
polymerization reaction. If the microstruc
ture and the surface morphology of the 
fibers could be controlled and manipulated, 
crack propagation, which is often initiated 
from surface flaws, would be retarded and 
reflected. Hopefully, the highest CF 
strength would be obtained. 
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SPINNING AND MICROSTRUCIURE 
CONTROL 

In melt spinning pitch-based CF,_tbe 
spinnability is the most important factor 
governing the filament drawing process. 
Since the softening temperature of the 
precursor pitch is 300 oc or more, the pro
cess has to be performed at a temperature 
20 to 30 degrees higher. Thus, the proper 
viscosity is absolutely required for easy spin
ning. Spinning at higher temperatures 
accelerates degradation and aggregation of 
pitch molecules, producing infusible resi
dues. Spinning at lower temperature and at 
a high viscosity produces discontinuous fila
ments. 

It has been shown (Ref 17) that 
spinning at temperatures below or near the 
transition temperature of viscosity (T.) 
tends to yield fiber with a radial type cross 
section (Figure 2). At a spinning tempera
ture 50 oc or more above the transition 
temperature, a fiber cross section with an 
onion-type arrangement (Figure 3b) will be 
produced. In the intermediate temperature 
range, random or mosaic cross sections or 
mixtures of these patterns are formed 
(Figures 3a and 3c). The two pitches shO\lln 
in the figure are hydrogenated in the auto
clave either by THQ and hydrotreated 
anthracene oil (HAO} or by hydrogen gas in 
the presences of quinoline/anthracene sol
vents and catalysts (iron oxide, red mud, Co
Mo-alumina, or Ni-Mo-alumina) followed 
by heat treatment above 450 oc at a reduced 
pressure or inert gas bubbling. The viscosity 
transition temperature depends on the 
compositions as well as the sources of feed 
pitches. 



There are several methods 
(Figure 1) to separate or to generate aniso
tropic mesophase from the raw materials, 
petroleum pitch or coal tar. The methods 
currently in use are hydrogen treatment 
with tetrabydroquinoline (THQ) (Kyushu 
Ind. Res.) (Ref 14) or with hydrogenated 
anthracene oil and catalyst (Nippon Petro
leum) (Ref 15), thermal decomposition 
followed by gravity sedimentation (Toa 
Nenryo) (Ref 16), and the combination of 
heat treatment and solvent fractionation or 
hydrogenation (Ref 15). The basic princi
ple involved in the above processes is to 
obtain a narrow molecular weight distnbu
tion of feed pitch in order to improve the 

Mesophate Pitch. 
Method • 

Naomuophue • 
PitCh Method • 
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Gunma Unlv. 
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with Solmtl 

Thermal Decomposition 

/Polycondens~tion 

Hut Trtatmenl 

080-450'0 

crystalline size and the crystal orientation of 
the spun fiber. Words such as pre-, neo-, and 
dormant mesophases are often used to 
describe the final pitch compositions a~er 
the treatments as shown in Figure 1. The 
Kyushu method yielded a feeding pitch 
(premesophase) that was isotropic but 
became anisotropic after spinning. The 
spinnability or the softening point of pitch 
must be considered in the choice of the feed 
pitch composition. The best choice of pitch 
composition (Ref 17) is: (1) melting point 
between 240 and 300 oc, (2) 80 to 95 wt. % 
of benzene insoluble and 10 to 40 wt. %of 
quinoline insoluble, and (3) an anisotropic 
portion of 70 to 90 percent. 
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Figure 1. Typical preparation methods for precursor pitch (from Ref 15). 
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F'lgUI'e 3. Microstructures of pitch-based carbon 
tiber cross section (after Ref 15). 

The formation of the radial-type 
cross section (Figure 3d) in the fiber is not 
preferable due to large thermal shrinkage 
cracks (Ref 22) that often occur after cool
ing normal to basal planes of graphite/ 
carbon layers. This type of cross section is 
presumably produced from a laminar flow 
of the pitch through the spinneret. Several 
attempts have been made to change lami
nar flow to turbulent flow by approaches 
ranging from changing the shape design of 
the spinneret, the wettability of the spin
neret surface materials, to the addition of a 
stirring mechanism. The most effective and 
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the simplest shape of the spinneret is when 
the orifice has little or no thickness (a "knife 
edge" shape). Nevertheless, the micro
structure of the fiber cross section can be 
controlled by spinning temperature, draw
ing rate, spinneret shape, spinneret orifice, 
and the composition of precursor pitch 
(Ref 17). 

The onion-type cross section is very 
desirable because crack propagation can 
occur only along the circumference of the 
fiber layers according to M. Endo (Ref 23). 
Thus, the tensile strength of the fiber will be 
sustained and is less affected by the pres
ence of numerous surface flaws, which are 
the initiation points of crack formations. 
This view, however, is not entirely accepted 
by other scientists. According to Yamada, 
even in the onion-type cross section, it is 
impossible to have a perfect cylindrical 
arrangement of crystallite planes to divert 
all crack propagations. Preferred orienta
tion and perfect alignment of graphite crys
tallites in the fiber are believed to be more 
effective in improving fiber strength. 

Design of the fiber cross section by 
varying the feed pitch composition was also 
considered. By using a pitch precursor 
containing two different phases (Ref 17), 
such as one isotropic low melting and 
another anisotropic high melting, or isotro
pic high melting and anisotropic low melt
ing, it is possible to produce a fiber cross 
section with varying patterns of the desired 
microstructure. A cross section with the 
onion layers on the outer circumference 
(Figure 3e) and the random mosaic micro
structure on the fiber core (Figure 3f) has 
been experimentally attempted. However, 
the tensile strength of this fiber with the 
onion outer shell structure (Figure 3f) is not 
extraordinarily different. 
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Several attempts to fabricate fibers 
with various types of cross sections have 
been made. By changing the shape of the 
spinneret and/or by using a stirring device, 
different cross-sectional patterns, such as 
elliptic, star, cross, and triangular, with 
diverse crystallite orientations have been 
obtained (Ref 4, 17). The increase in the 
circumferences of the odd-shaped ones also 
increases the number of surface flaws. 
Consequently, no improvement in material 
tensile strength was observed. However, 
the elongated elliptic type of cross section 
was found to have the best alignment in 
which two rows of crystallite planes were 
oriented along the long axis. The tensile 
strength was also found to improve slightly. 

Spinneret shapes other than circu
lar, and with additional stirring devices, are 
hard to fabricate and may cause difficulties 
in the processing operation. Moreover, 
processing parameters such as temperature 
and draw ratio have to be modified. The 
alteration in the processing technology may 
not compensate for the small increment of 
mechanical strength derived from the non
circular, cross-sectional fibers. 

Therefore, the major research 
efforts in the production of better quality 
carbon fibers have been in simplifying the 
preparation method of precursor pitches 
and finding a more economical processing 
technology. The immediate concern facing 
many producers at this time is the large 
variation of fiber properties from the pilot 
production line. The mechanical strength 
of a single filament changes unpredictably 
from batch to batch and also from segment 
to segment. This is the major reason that 
large-scale production of pitch-based fibers 
has not been fulfilled 10 years after the 
discovery of the anisotropic mesophase 
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technology. The cause of this large varia
tion in mechanical strength, which presum
ably is derived from a large fluctuation in 
random occurrences of surface flaws, is 
rather complicated. The problem might 
come from the inherent nature of the pitch 
precursor, unforeseen abnormalities in the 
spinneret and the spinning condition, exter
nal as well as internal surface contamina
tions, and/or stabilization and carboniza
tion processes. 

MECHANICAL PROPERTIES 

The tensile strength and modulus of 
typical commercial CF are shown in 
Figure 4 {Ref 24). According to Figure 4, 
CF is grouped into three categories: PAN 
HPCF, p-GPCF, and p-HPCF. The PAN
based fibers are mainly located at the high 
strength side (3 to 7 GPa) with medium 
modulus (2 to 300 GPa), while pitch-based 
HPCF are situated at medium strength 
(3 GPa) with a wide range of modulus (4 to 
800 GPa). It seems that PAN CF are better 
in tensile strength than pitch HPCF, and the 
reverse situation exists for tensile modulus. 
Currently PAN CF M40 made by Toray is 
commercially available. This fiber has a 
tensile strength of 4 GPa and a modulus of 
400 GPa, which put it in the region bridging 
the two outstanding features of the PAN 
and pitch fibers. The fiber currently avail
able with the best tensile stress is Toray 
TlOOO (7 GPa). The highest modulus fiber 
is pitch CF at 800 GPa. If the current rate 
of improvement continues, high strengths 
of 10 GPa for PAN CF and 5 GPa for pitch 
CF will be attainable within 3 years. The 
probable directions of future developments 
for these fibers are indicated by the arrows 
in the figure. 



largest construction using CFRC is a 
37-story building in Akasak~ Tokyo. Cost 
reduction is the largest motivation in the 
development of CFRC. 

Another major expanding applica
tion of GPCFis in the field of CF-reinforced 
plastics. The unique properties of CF in 
electric conductance and .magnetic shield
ing with moderate strength are the focal 
points of the application. The commercial 
use is expected to increase if the cost of 
GPCF is further reduced by one-half. 

The applications of HPCF are dif
ferent from those of GPCF. Special appli
cations include fiber reinforcements for 
lightweight, high rigidity composites with 
zero coefficients of thermal expansion for 
space use and C/Cfor aircraft brakes, light
weight missile components, and some dura
ble sporting goods. The number of applica
tions will increase with decreasing cost of 
HPCF. Thus, increasing utilization of high
performance fibers is expected in the near 
future. 

As for PAN fibers, the current com
mercial uses are mostly in CF epoxy com
posites or prepregs for aircraft secondary 
structures. Many CF-reinforced compos
ites with high-temperature resins, such as 
PEEK and polyimide, have found numer
ous applications in elevated temperature 
environments. New formulations of resin 
have been made to compensate for the low 
fracture toughness of the CF composites. 
Some PAN fibers have been substituted for 
GPCF for essential structural components 
such as 1-beams and tubes. CF with a very 
high porosity have been made to use as gas 
absorbants, as water purifiers, or in toxic 
substances removal. Pre-oxidized CF fab
rics are currently available for fireproof 
clothing and firefighting equipment. Based 
on the cost trend and the increasing demand 
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.... 

for PAN fibers in recent years, these high
performance fibers may occupy a major role 
in future structural materials. 

FEATURES OF MANUFACIURED 
PRODUCfS 

Producers of PAN-Based Fibers 

Toray Industries, Inc. Toray 
Industries, Inc., is the largest producer of 
PAN-based carbon fiber with an annual 
production capacity of 1,500 tons. The 
corporate research laboratory is well 
equipped with various research facilities 
and is actively developing new applications 
of carbon-fiber-reinforced composites. A 
wide variety of carbon fibers is commer
cially available, ranging from a high tensile 
strength fiber, TlOOO (7 GPa), to a high 
modulus fiber, M50 (500 GPa). An inter
mediate fiber, such as M46J (with tensile 
strength and modulus values of 4.2 and 
460 GP~ respectively), is also available. 

The PAN precursor was produced 
from the company's own plant. The charac
teristics and the composition of the precur
sor polymer are proprietary information. 
Since the final physical strengths of carbon 
fibers are strongly dependent on precursor 
homogeneity, little information was pro
vided concerning the manufacturing pro-
cess. 

The 1985 production capacities for 
the products of Toray and its licensees 
(trade name TORA YCA) are as follows: 

Toray Industries, 1,500 tonsj yr 
Inc., Japan 

SOFICAR S .A., France 300 
Amoco Performance 360 

Products, Inc., 
U.S.A. 

Total 2,160 tons / yr 



CF has many superior characteris
tics uncommon to other materials, such as 
specific strength, specific modulus, small 
thermal expansion, excellent fatigue resis
tance, good corrosion resistance, good 
damping characteristics, etc. However, one 
shortcoming other than combustib~ty is 
low fracture toughness. The toughness, 
which is the energy required to fracture 
material, is about one-tenth of Al alloys. 
Therefore, improvement in material tough
ness is urgently needed for the future appli
cations. 

To improve the fracture toughness 
of the CF-reinforced composites ( CFRC), a 
few alternatives and modifications are cur
rently available: 

( 1) Improving CF strength by designing 
new microstructures, or creating an 
admixture of aramide fibers to form a 
so-called hybrid composite. 

(2) Enhancing the energy-absorbing 
mechanism of the composite resin by 
adding elastomer or thermoplastic 
polymer and designing a new composi
tion of resin matrix. 

(3) Varying the levels of interfacial adhe
sion to absorb excessive energy by 
delamination or fiber pull-out. 

The alternative to the last method is to use 
elastomer as a sizing compound on the 
surface of CF. The energy-absorbing 
nature of the elastic interface could prevent 
fiber delamination and enhance the frac
ture toughness of the CF-reinforced com
posites. 
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PRESENT AND FUIURE 
APPUCATIONS 

The applications of CF to structural 
components have increased steadily over 
the past several years. The fibers have been 
used in applications ranging from the 
advanced fiber-reinforced composites in 
the space shuttles and airplane secondary 
components to biomedical utilization in 
dental implants. 

One of the more significant develop
ments is the application of GPCF in low
cost construction material as a reinforce
ment (Ref 25 and 26). GPCF traditionally 
has been used for high-temperature insulat
ing materials. However, in this new applica
tion GPCF is expanding into fiber
reinforced cements and concretes. Carbon 
fiber strengthens the weak tension and poor 
impact resistance of the conventional 
portland cement matrix. CF provides: 

• Chemical inertness to acid and alkali 

• High stability to biodegradation 

• Higher tensile strength and modulus 
compared to concrete 

• Good electric and thermal conduc
tances 

• High compatibility with cement and 
mortar 

However, the effect of the fiber rein
forcement is strongly dependent on fiber 
strength, formulation, content, and fabrica
tion process, among others. The first and 



At the Otake plant and the central 
research laboratory near Hiroshima I was 
guided through the acrylic fiber operation. 
However, the carbon fiber manufacturing 
line was off limits. The corporate labora
tory had many new instruments to facilitate 
their research efforts, which are concen
trated on the improvement of fiber strength, 
process modification. and· the optimum 
designs for fiber-reinforced composites. 

The mechanical properties of 
Mitsubisbi's products (trade name 
PYROFIL) are as follows: 

Tensile Tensile 
Fiber Strength Modulus 
Type (GPa) (GPa) 

T-1 3.8 250 
T-3 5.3 250 
MM-1 5.4 315 
LM-2 5.9 315 
LM-5 5.9 345 
HM-2 4.7 420 
SM-1 3.9 485 

Producers of Pitch-Based Fibers 

Kureha Chemical Industry Co., Ud. 
This company produces general-purpose, 
pitch-based short carbon fibers for insula
tion, felts, and reinforcements of plastic 
materials. The production oflow-cost short 
fibers was 500 tons last year. This year a new 
plan twill increase the capacity to 1,000 tons. 
This increasing demand arises from exten
sive use in short-fiber-reinforced concretes, 
which have mechanical strengths 10 times 
that of conventional concretes. The corpo
rate research is aimed at pursuing process
ing techniques and developing high
performance fibers derived from petro
leum pitch. The pitch-based, general
purpose fibers are very cost effective rein
forcement materials. There are three 
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grades of the product: two carbon grades 
carbonized at 1,000 oc designated as the 
T-100 series and a graphite grade treated at 
2,000°C designated as the T -200 series. The 
cost is about ¥2,000/kg and is expected to 
decrease to ¥1,500 /kg if sales improve. 

Osaka Gas Co., Ltd. Osaka Gas has 
developed new technology (the so-called 
Cherry process) for producing carbon fibers 
from coal tar (Ref 27). In the Cheny pro
cess, pitches without any quinoline insolu
ble components are obtained by continuous 
beat treatment from crude coal tar, which is 
a by-product of coal-manufactured gas. The 
process involves three stages of centrifugal 
separation of impurities (such as free car
bon) at high temperatures. The purified 
pitches are claimed to have high spinnabil
ity and softening point and are used to 
produce continuous filaments after hydro
genation or to prepare short fibers by rotary 
gas jets. The products are both high
performance and general-purpose fibers 
designated as DONACARBO-F and -S. 
The annual production of short fibers for 
insulation and felts and low-cost reinforce
ments is 300 tons, while that of the high
grade fibers is only 10 tons. These short 
fibers are different than the Kureha Co. 
fibers, which have curved strands and no 
circular cross section. Thus, the fiber
reinforced composites will provide better 
electrical and thermal conductivities 
because of close contacts among fiber 
strands. Also, a three-dimensional struc
ture can be readily made. 

The major objectives of the corpo
rate developments are to: ( 1) improve fiber 
strength by decreasing flaws and pore den
sities; (2) obtain better control of carbon
ization temperature; and (3) promote fiber 
orientation by spinning condition and tern
perature, nozzle temperature and cooling 
rate, draw ratio and speed, etc. The project 



The products have a wide variety of mech-
anical characteristics to meet industrial 
needs. These products are well known and 
have become commercial standards in the 
carbon fiber market. The mechanical prop-. 
erties of the TORA YCA products are as 
follows: . 

., 

Tensile Tensile 
Fiber Strength Modulus Elongation 
Type (CPa) (GPa) (%) 

T300 3 . 53 230 1.5 
T400H 4.5 250 1.8 
T800H 5.59 294 1.9 
TlOOO 7.00 300 
M30 3.92 294 1.3 
M40 2.74 392 0 . 6 
M40J 4.4 392 1.0 
M46 2 . 35 451 0 . 5 
M46J 4.2 451 0.9 
M50 2 . 45 490 0.5 

Toho Rayon Co., Ltd This company 
is the second largest producer of carbon 
fibers in the world. Annual production is 
1,420 tons, which is second to Toray, but the 
total production related to carbon fibers, 
including oxidation resistant and activated 
fibers, is more than 1,600 tons. The com
pany bas a strong tie with BASF (U.S.A) for 
technical and marketing agreements. The 
majority of the fibers produced are 
exported to the United States, Europe, and 
southeast Asia. In southeast Asia, Toho 
products dominate the market. 

I visited the Tobo Tokyo office and 
the Misbima laboratory and had friendly 
discussions with the director, managers, 
laboratory chief, and engineers. They are 
very proud of their products and are cur
rently working on the development of new 
carbon fiber markets, which include many 
structural components (concrete 1-beams, 
gears, C/C composites, battery shields, 
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sporting goods, pipes, panels, x-ray beds, 
and various shaped beams); elastomer
toughened composites; elastomer com
pounds; and many others. Their cen~ral 
research laboratory was furnished with 
many up-to-date instruments and research 
and test facilities. One of the current 
research efforts on carbon fibers is aimed at 
enhancing the mechanical strength by 
increasing the average molecular weight of 
the PAN polymer (from 10 to lOOK) and 
also by improving the homogeneity of the 
polymer. Every year there has been 
improvement in mechanical strength. 

The commercial carbon fiber prod
ucts (trade name BESFIGHT) are not 
limited to fibers but also include prepregs, 
woven fabrics, chopped fibers, and felts. 
The mechanical properties of the fibers are 
as follows: 

Fiber 
Type 

ST-2 
ST-3 
HTA 
HM35 
HM40 
HM45 
IM400 
IMSOO 
IM600 

Tensile 
Strength 

(GPa) 

4 . 2 
4.4 
3.7 
2.7 
2.6 
2.2 
4.2 
4 . 8 
5.8 

Tensile 
Modulus 

(CPa) 

240 
240 
240 
350 
400 
450 
300 
300 
300 

Elongation 
(%) 

1.7 
1.8 
1.0 
0 .8 
0 . 65 
0.5 
1.4 
1.6 

Mitsubisbi Rayon Co. This com
pany is the third largest PAN carbon fiber 
producer in Japan. Although its production 
at the present time ( 120 tons) is an order of 
magnitude less than Toray or Toho, the 
company is rapidly expanding its produc
tion capacity to 500 tons next year. This is 
based on a growing market with more diver
sified applications. 



particular, the plastic deformation charac
teristics at high stress are unique. A bundle 
of fibers (high modulus) can be knotted and 
twisted without breaking. This fiber prop
erty based on the microstructure, composi
tion, or crystallite orientation is extremely 
interesting. Four grades of carbon fibers 
(trade name GRANOC) are available. The 
differences among these fibers are only in 
the treatment temperatures. The mechani
cal properties of the fibers are as follows: 

Fiber 
Type 

XN-40 

XN-50 
XN-60 
XN-70 

Tensile Tensile 
Strength 

(GPa) 

3.23 
3.23 
3.23 
3.3 

Modulus 
(GPa) 

390 
490 
590 

690 

Elongation 
(X) 

0.83 
0.66 
0.55 
0.49 

Toa Neruyo Kogyo KJC. Co. This is 
the third largest petroleum refining com
pany in Japan. Toa began exploratory 
research on pitch-based carbon fiber in 
1976 and has succeeded in fabricating high
quality pitch-based fibers. Although no 
commercial product was available at this 
time, test samples were available in the past 
year. The advantages of Toa's processing 
are: (1) efficient mesophase pitch process, 
(2) high purity and low viscosity precursor 
pitch, (3) innovative spinning and drawing 
processes, and ( 4) advanced and efficient 
carbonization processes. Since the future 
success of the carbon fiber industry is 
dependent on the efficient preparation of 
raw pitch precursor and a simple processing 
technique, the research along this direction 
in my opinion is highly crucial. The mech
anical properties of the available carbon 
fibers are as follows: 
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Tensile Tensile 
Fiber Strength Modulus Elongation 
Type (GPa) (GPa) (X) 
-

UHM 3.8 730 0. 5~ 

HM 3.2 515 0 . 6 
HT 3.0 270 1.1 
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manager emphasized that the future out
look of the pitch-based carbon fiber indus
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The mechanical characteristics of 
the high-performance fibers are as follows: 
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Kashima Oil Co .. (Petroca). This 
company is relatively small compared to 
other Japanese carbon fiber producers. 
Recently it has undertaken a joint venture 
with the BASF Cellon carbon fiber unit 
(PAN fiber producer) for cooperative 
research and marketing. This partnership 
will accelerate cooperation toward the 
improvement of the process technology. 
Petroca produces only high-performance 
carbon fibers. The process involved .in 
manufacturing was stated as being very 
unique but details were not provided. The 
quality of the products was claimed to be 
superior to other fibers. The commercial 
products are sold in the United States by 
BASF, and Petroca management was very 
quiet about the progress the company bas 
made in recent years. 

The data provided by Petroca indi
cated that the products were slightly better 
in mechanical properties as follows: 
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Tensile Tensile 
Fiber Strength Modulus Elongation 
Type (GPa) (GPa) (X) 
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cautious about our visit because strong 
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chemicals and petroleum in the pitch-based 
carbon fiber business might jeopardize its 
small share of the market. 

Nippon Petrochemical Co., Ud 
Nippon Petrochemical Co., otherwise 
known as Nippon Oil, has been a pioneer 
and leader in the Japanese oil industry and 
is the largest oil company. Nippon Oil's 
carbon fiber research began 7 years ago in 
an attempt to convert huge amounts of pitch 
to high value added products. This research 
in carbon fiber processing bas resulted in · 
successful fabrication of high-grade pitch
based carbon fibers. The company is 
moving cautiously into carbon fiber produc
tion and is building a pilot plant with a 
capacity of 10 tons at this moment. If the 
pilot plant is successful, a full-scale produc
tion will soon follow. 

I visited the corporate central 
research laboratory at Negishi near 
Yokohama. A tour of the research labora
tories was arranged, but the carbon fiber 
production line was off limits. The labora
tory was well equipped. The properties of 
their pitch-based carbon fibers are remark
ably different from other types of fibers. In 
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